Abstract-Radiation force is known to produce microbubble axial displacements by an amount that depends on the transmit burst frequency, amplitude, and length, as well as the pulse repetition frequency (PRF). In the standard focused-imaging mode, the actual PRF experienced by each microbubble is low, because it is of the order of the frame rate (i.e., usually tens of Hertz). In the plane-wave imaging mode, however, the actual PRF is considerably higher, as it is equivalent to the transmit PRF (kiloHertz range). Furthermore, the radiation pressure is expected to be almost uniform over the field of view, and typically lower than the peak pressure experienced in the focused transmit (TX) mode. We have experimentally investigated the possible effects of radiation force in the plane-wave mode. Here, we report on preliminary findings that show that the acoustic radiation force is negligible only at lower TX levels. At higher TX amplitudes, the bubble displacements due to radiation force are comparable to those obtained for focused waves at the same PRF. In addition, the radiation force is nearly uniform over the field of view and increases as the TX burst central frequency approaches the resonance frequency of size-isolated microbubbles.
I. INTRODUCTION
P LANE-WAVE imaging has several advantages over conventional focused-beam ultrasound imaging, including increased image acquisition speed [high frame rate (HFR)] and spatiotemporal resolution, together with a more uniform pressure distribution throughout the field of view [1] . These advantages are a major driving force for the adoption of planewave imaging in clinical and research applications employing microbubbles [2] - [4] . Previous studies usually assumed that the plane waves generate uniform pressure fields, which propagate and gradually attenuate through the medium. The primary radiation force on the microbubbles, as well as the related displacements and Doppler effects, is often disregarded since the pressure amplitudes involved in the plane-wave mode are typically lower than those in the focused-imaging mode. However, the more uniform radiation force experienced by microbubbles in the plane-wave mode might be relevant to applications such as ultrasound molecular imaging pulse sequences, for example, where it is desired to aid the uniform binding and adhesion of targeted microbubbles to receptorbearing endothelium throughout a tissue mass.
The radiation force (F R ) of the incident pressure field on the oscillating microbubble can be summarized in the linearized equation [5] 
where P a is the local ultrasound pressure amplitude, D is the equilibrium bubble diameter, ρ 0 is the fluid density, c is the ultrasound propagation velocity, f is the transmitted frequency, δ tot is the total damping coefficient, and f 0 is the bubble resonant frequency. The reader is referred to e.g., Dayton et al. [5] and Leighton [6] for further description of the linearized microbubble oscillations, and Vos et al. [7] for the full equations without linearization. Notably, the equation shows that: 1) highest forces occur when the microbubble is excited at its resonance frequency and 2) the force scales with the squared acoustic pressure. It is therefore expected that both transmission frequency and size will affect the induced displacement by radiation force. Moreover, it is expected that focused ultrasound beams result in distinctly higher microbubble velocities in the focal area compared to those outside the focal area. When ultrasound pulses are transmitted, the average radiation force experienced by a microbubble depends also on the transmit burst length and pulse repetition frequency (PRF) [8] . As shown by Vos et al. [7] , a high PRF in combination with a focused TX may produce significant microbubble displacements. In the plane-wave imaging mode, the peak pressure is typically lower, but at the same time the frame rate (i.e., the microbubble excitation rate) is much higher, than in standard focused B-mode.
In this paper, we experimentally investigate the effect of the primary radiation force from plane-wave excitation pulses on microbubbles.
II. EXPERIMENTS

A. Microbubble Synthesis
Microbubbles were made from a liposomal precursor of 2-mg/mL suspension comprising 1,2-diarachidoyl-sn-glycero-3-phosphocholine (DAPC) (Avanti Polar Lipids, Alabaster, 0885-3010 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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AL) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-5000] (DSPE-PEG5000) (NOF America Corporation, White Planes, NY, USA) at a 9:1 molar ratio in phosphate-buffered saline. These components give a relatively stiff microbubble shell [9] , [10] . Microbubbles were created by the sonication method with perfluorobutane (PFB) (FluoroMed LP, Round Rock, TX, USA) as the encapsulated gas [11] . The microbubbles were extracted with a syringe and concentrated by centrifugation. The microbubbles were then size-sorted by differential centrifugation to a diameter of 2.8 ± 0.9 μm diameter (mean ± standard deviation) and stored in a serum vial with a PFB headspace at 4°C prior to use. The size-isolation procedure involved the following steps: 1) centrifuging by five spins at 100 relative centrifugal force (rcf) for 1 min, removing the subphase at each step and then resuspending the microbubbles in PFB-saturated saline; 2) centrifuging by two spins at 70 rcf for 1 min, in this case saving the subphase and discarding the cake; 3) concentrating the microbubbles at 100 rcf for 5 min and resuspending them in saline to a final size-isolated product of 109 microbubbles/mL.
The microbubble size distribution and concentration were determined using a Multisizer 3 coulter counter (Beckman Coulter Life Sciences, Indianapolis, IN, USA), and remained nearly constant over the experimental timeframe (30 min).
B. Ultrasound Imaging
An ultrasound advanced open platform (ULA-OP) [2] and an Esaote LA332 (Florence, Italy) probe were used to image the microbubbles. The LA332 is a 144-element linear array probe, with pitch of 0.245 mm, center frequency of 4.6 MHz, and 100% (−6 dB) bandwidth. The elements are covered by a silicon lens that sets an elevational focus at about 23 mm. The ultrasound probe was partially immersed in the water tank, 8 cm from a rubber absorber at the bottom of the tank (Fig. 1) . The total water volume in the tank was 7 L, and the particle concentration was diluted to ∼10 4 per mL, validated in situ by size and concentration measurements. A stir bar was used for ∼20 min to allow gas exchange and to ensure uniform microbubble distribution throughout the tank, followed by a 3-min rest to allow residual flow to dissipate.
Since ULA-OP is a 64-channel open scanner, for each TX event, 64 elements of the linear array were simultaneously excited by short tone bursts weighted by a Hamming window. Firings in B-mode and in multigate Doppler (MGD) mode were alternated. In both cases, the echoes were dynamically focused and beamformed along one line. In B-mode, similar to standard imaging, sliding groups of 64 elements were used. Hence, even though plane waves were transmitted, the frame rate was as low as in focused TX. The B-mode was here used only for real-time monitoring purposes. For example, Fig. 2(a) shows one B-mode image obtained at frame rate of 31 Hz. Since the peak pressure of plane waves was maintained below 100 kPa, no significant bubble displacements were observed, i.e., each spot in Fig. 2(a) corresponds to one quasi-static bubble. Screenshots of the real-time display in (a) B-mode and (b) MGD-mode, obtained by interleaving plane-wave TX and focused TX, respectively. The PRF was set to 8 kHz, resulting in a PRF of 4 kHz for each mode. The microbubbles appear as bright spots in both displays. MGD analysis was performed by transmitting 6 cycles at 6 MHz along the central line depicted in (a). In (b), the x-axis spans between -PRF/2 (-2 kHz) and +PRF/2 (2 kHz). A microbubble in the focal area, moving away from the probe, is here denoted by an arrow.
In MGD mode, the same 64 central array elements were always used. However, the MGD-mode firings (six cycles at 6 MHz) could be programmed to transmit either focused waves [as in the cases of Figs. 2(b) and 3 ] or plane waves (as in the case of Fig. 4 ). Notice that, in the latter case, the TX modality was the same typically used for HFR imaging. The radio frequency echo-data beamformed along the line (hereafter referred to as the Doppler line) were MGD processed in real time to detect the velocities of microbubble targets at 512 different depths. Fig. 2(b) shows a sample screenshot of the real-time MGD display, showing the spectra produced by bubbles intercepted along the Doppler line. For each depth, the corresponding spectrum modulates the intensity of the related horizontal line, which spans between ±PRF/2. Bubbles that slowly move away from the probe are visible as bright spots with a position on the horizontal axis that corresponds to the average velocity: spots on the left half of the axis correspond to velocities of microbubbles traveling away from the transducer face owing to diffusion, fluid motion, and Summed MGD display obtained with focused transmission of six cycles at 6 MHz at 23 mm and 4 kHz PRF (imaging B-mode here deactivated). The TX amplitude was set to produce ∼250-kPa PNP in the focus.
Fig. 4.
Summed MGD display obtained with plane wave at 6 MHz. The TX amplitude was set at 0.62, to produce ∼300-kPa PNP acoustic radiation force. As we allow for 3 min to settle after stirring, we assume that radiation force is the only significant contributor to the microbubble displacement [6] .
The value of each Doppler shift correlates to the microbubble axial displacement (z d ). Such displacement yields a corresponding equivalent average bubble velocity u d = z d × PRF, which is related to the value of the MGD frequency shift ( f d ) by the Doppler equation [6] 
Hence, the value of the MGD shift indirectly indicates the magnitude of the local radiation force. For example, when the Doppler line was insonified by a focused wave, as in Fig. 2(b) , the MGD display showed increased shifts (as well as some bubble destruction) due to the focal pressure peak [about 250 kPa in Fig. 2(b) ].
In order to highlight the peak Doppler velocities, video frames of the MGD display were summed over a 3-min recording time. Fig. 3 , for example, was obtained with a single position of the focused beam, i.e., without lateral (line) scanning, and shows a clear microbubble velocity peak of ∼30 mm/s in the TX focus zone. Note that the microbubble velocities owing to radiation force are related to the square of the insonation pressure [6] , which makes the velocity peak at the focal depth quite pronounced. The contributions at positive Doppler frequencies (on the right half of the axis) may be mainly attributed to stationary or quasi-stationary bubbles that produce spectra symmetrical around zero frequency.
For the plane-wave MGD imaging, the PRF was set to 4 kHz and the center frequency f was swept from 4 to 7 MHz in 1-MHz steps while the number of cycles was increased from 4 to 7 to maintain constant bandwidth and pulselength. The TX voltage amplitude was initially set equal to the same value (0.25-arbitrary units) used in the above focusedmode experiment. In this case, the MGD display showed almost uniform behavior at all depths. The corresponding average velocities were very low, except at the higher TX frequency (7 MHz) when they could be estimated in the range 5-10 mm/s. The TX voltage amplitude was then increased to 0.62 (+8 dB). The summed MGD display continued to show nearly uniform microbubble velocities throughout the imaging depth, although with notably increased values (data not shown).
The microbubble peak velocities were ∼10 mm/s at 4 MHz up to ∼20 mm/s at 7 MHz transmit. Fig. 4 shows the MGD image obtained at f = 6 MHz (i.e., the same frequency used for Fig. 3 ). Fig. 5 shows the beam profiles measured by a calibrated hydrophone (Onda, mod. HGL-0400) for f = 6 MHz, in focused and plane-wave TX modes, for different amplitude levels of the TX pulses.
III. DISCUSSION AND CONCLUSION
In classic focused TX imaging, radiation force is generally not expected to produce significant microbubble Doppler shifts, because the TX burst length is short (≤1 μs) and the frame rate is limited to a few tens of Hertz. When plane waves were transmitted with moderate TX amplitudes, no significant Doppler shifts were observed, even if the PRF was as high as 4 kHz. However, at the highest TX amplitude (producing ∼300-kPa PNP), the Doppler shifts were significant and comparable to those obtained for focused waves at the same PRF. This strong dependence on the TX amplitude is explained by prior observations that the displacements caused by acoustic radiation force have a square relation to acoustic pressure [ [5] - [8] and (1)].
A significant difference with respect to the results obtained in focused mode is that, in the plane-wave mode, the Doppler shifts were almost constant with depth, as expected from the flatness of the beam profile measured between 20 and 50 mm (see Fig. 5 ). However, a slightly higher peak velocity measured in the focused TX mode (Fig. 3) with respect to that obtained in the plane-wave TX mode (Fig. 4) seems to suggest that the beam shape also plays an important role.
Microbubble diameter and coating stiffness are major factors for determining the resonance frequency. Ultrasound frequencies closer to the resonant frequency of a specificsized bubble are expected to increase the magnitude of the primary radiation force. This is seen at 7 MHz, where there was a greater overall Doppler frequency shift compared to the other frequencies. The resonance frequencies of DAPC microbubbles between 2-and 4-μm diameter are expected to range between 6 and 17 MHz in the linear regime, based on prior laser-acoustics measurements [10] . The peak diameter was ∼3 μm, corresponding to a resonance frequency of ∼9 MHz. Thus, the increase in axial velocity with TX frequency observed here is consistent with the expected microbubble radial response.
When assuming that all observed microbubble displacement is coming from the acoustic radiation force on the microbubbles, we neglected a possible effect of macroscopic streaming in the water tank caused by the overall drag that microbubbles exert on their surrounding fluid. However, in the MGD panels we found that many detected microbubbles had zero velocity, whereas a macroscopic fluid motion would also drag those bubbles with it. Therefore, we are confident that macroscopic streaming effects have an insignificant role in the results.
In the case of Fig. 2 , some microbubble destruction was visible near the focal region. This was less clear in the plane-wave modes leading to Fig. 4 . Lack of destruction in the plane-wave mode could be explained by the fact that the microbubbles may have had a more gradual increase of acoustic pressure before they reached the highest axial velocity, and already may have been partially deflated before reaching this region. As such, the effects of radiation force in the plane-wave mode on microbubble destruction should be further studied.
In conclusion, in measuring microbubble response to the acoustic radiation force from plane waves, we found that bubble displacement may be relevant at higher pressure fields, and uniform throughout the imaging depth. This is in contrast to the focused-imaging mode, where the amplitude peaks at the focal depth and decreases moving away from the focal depth. Otherwise, the effects of microbubble parameters (size distribution and shell stiffness), and the nature of the relationship between the local pressure field and radiation force, are expected to be similar for planar and focused waves. A more uniform radiation force experienced by microbubbles in the plane-wave mode may be useful for applications such as ultrasound molecular imaging, for example, where it is desired to apply uniform radiation force throughout the tissue mass.
